Critical care medicine developed out of other subspecialties' need to provide care for their most critically ill patients. Advanced technologies, the understanding of the pathophysiology of critical illness, and the development of the multidisciplinary team have made this care possible. Pediatric critical care medicine emerged in the 1960s and has expanded dramatically since then. The field has made major advances in the areas of lung injury, sepsis, traumatic brain injury, and postoperative care. We review here the evolution of modern pediatric critical care medicine from its roots in general pediatric and cardiac surgery, adult respiratory care medicine, neonatology, and pediatric anesthesiology to its current state as a unique discipline. Pediatric intensive care has only been recognized as a distinct subspecialty for 20 y. The specialty grew out of a need for increasingly complex postoperative management, in the face of advances in surgical and medical subspecialties, and the development of sophisticated life-support technology. The intensivist now directs a multidisciplinary team that includes other subspecialists, nurse specialists, respiratory therapists, nutritionists, pharmacists, social workers, clergy, physical therapists, occupational therapists, and others. The pediatric intensivist's role is to provide supportive care during cardiorespiratory and/or multi-organ failure or recovery from surgical interventions or trauma. Intensivists coordinate complex treatment plans with multiple participants to further the care of critically ill children.
Pediatric intensive care has only been recognized as a distinct subspecialty for 20 y. The specialty grew out of a need for increasingly complex postoperative management, in the face of advances in surgical and medical subspecialties, and the development of sophisticated life-support technology. The intensivist now directs a multidisciplinary team that includes other subspecialists, nurse specialists, respiratory therapists, nutritionists, pharmacists, social workers, clergy, physical therapists, occupational therapists, and others. The pediatric intensivist's role is to provide supportive care during cardiorespiratory and/or multi-organ failure or recovery from surgical interventions or trauma. Intensivists coordinate complex treatment plans with multiple participants to further the care of critically ill children.
DEVELOPMENT OF THE PEDIATRIC INTENSIVE CARE UNIT
A number of factors led to the development of the subspecialty of pediatric critical care medicine. In 1992, John Downes identified five crucial fields of medicine in the 1950s that led to the emergence of pediatric critical care: adult respiratory intensive care, neonatology and neonatal intensive care, pediatric general surgery, pediatric cardiac surgery, and pediatric anesthesiology (1) .
From the 1930s to 1950s, adult respiratory intensive care units were created to battle the scourge of the polio epidemic with "iron lung" ventilators. Out of necessity, these units also cared for children with polio (1) . The neonatologists, in their newly created neonatal intensive care units, developed procedures for nutritional and environmental support of sick newborns and premature infants along with ventilation techniques and monitoring for treating hyaline membrane disease (also known as respiratory distress syndrome). The understanding and use of surfactant and continuous positive airway pressure mechanical ventilation greatly improved survival of infants with respiratory distress syndrome. By the 1960s, many infants with respiratory distress syndrome, who received extended mechanical ventilation, developed persistent lung disease, termed bronchopulmonary dysplasia (2) . This created a need for extended care of older infants and children with the ensuing chronic lung disease (1) .
During this period, advances in pediatric surgery necessitated that children receive complex postoperative monitoring and care not possible on a regular pediatric ward. In recognition of this need at the Children's Hospital of Philadelphia, C. Everett Koop (later the Surgeon General of the United States) developed the first discrete postsurgical care area for infants in 1956 with a dedicated nursing team. Its capacity and staffing increased in 1962 to become the first modern infant ICU in North America to primarily care for postsurgical neonates (1) . Advances in other surgical subspecialties, notably in pediatric congenital heart surgery, led to a need to develop ICUs to provide complex postoperative care. The introduction of cardiopulmonary bypass for repair of congenital heart lesions accelerated this need (1) .
In addition to these advances in ventilator management and surgery, the new field of pediatric anesthesiology came to the forefront. These anesthesiologists were the first to transfer principles of infant and pediatric physiology and pharmacology from the operating room to the ICU and the first to care for critically ill infants and children outside the operating room (1) . Before the creation of fellowships in pediatric critical care, additional training in anesthesiology provided pediatricians with an entrée to the skills and expertise needed to care for critically ill and injured children. Many pediatric anesthesiologists assumed leadership roles by establishing or directing pediatric ICUs.
The first pediatric ICU was established in Europe by Goran Haglund in 1955 at Children's Hospital of Goteburg in Sweden, 10 y before the unit at Children's Hospital of the District of Columbia was developed by Cheston Berlin (1, 3 
DEVELOPMENT OF THE SUBSPECIALTY
The subspecialty of pediatric critical care soon followed the establishment of pediatric ICUs. The Society of Critical Care Medicine (SCCM), representing the adult intensive care community, recognized pediatric critical care as discrete, and created the section of pediatric critical care within the SCCM in 1981 (1). In 1983, guidelines defining the minimal requirements for pediatric ICUs were introduced by the Committee on Hospital Care and the Pediatric Section of the SCCM (5,6).
The American Academy of Pediatrics also created a section on critical care medicine in 1984. A sub-board in critical care medicine was established by the American Board of Pediatrics and the first certifying examination was offered in 1987 (1) . Fellowship training programs began in the 1970s and early 1980s. The Hospital for Sick Children in Toronto, Children's Hospital of Philadelphia, National Children's Medical Center in Washington, DC, Children's Hospital of Boston, Children's Hospital of Dallas, Children's Hospital of Michigan, Children's Hospital of Pittsburgh, and The Johns Hopkins Hospital developed the first training programs in North America.
By 1990, there were 26 programs accredited by the Accreditation Council on Graduate Medical Education (ACGME) (1).
Currently, there are 59 approved 3-y programs training 295 fellows (up from 249 fellows in 1997). In 1995, 68 of 2685 (2.5%) of first-time takers of the general pediatrics certifying exam had chosen to subspecialize in critical care (7) . In 2004, there were 1134 diplomates in pediatric critical care medicine, making up 7.5% of all pediatric subspecialty diplomates.
Pediatric intensivists have had a significant impact on the survival of critically ill children. Pollack et al. (8) showed that there was an improved survival during hospitalization in a pediatric ICU with an intensivist [relative odds of dying, 0.65; 95% confidence interval (CI), 0.44 -0.95; p ϭ 0.027]. The risk of dying in a pediatric ICU with a critical care fellowship program versus a pediatric ICU without a critical care fellowship program also decreased (relative risk of dying, 0.714; 95% CI, 0.529 -0.964, p ϭ 0.028) (9) .
BOOKS AND JOURNALS
Mark Rogers is credited with introducing the first comprehensive pediatric critical care textbook in 1987, Textbook of Pediatric Intensive Care (10) . In 1995, David Nichols published the first pediatric cardiac critical care textbook, Critical Heart Disease in Infants and Children (11) . In July of 2000, the specialty's first and only journal, Pediatric Critical Care Medicine, was established.
DATABASES AND COLLABORATIVE GROUPS
The first collaborative research group for pediatric critical care, the Pediatric Critical Care Study Group, was founded in the early 1990s by Gregory Stidham at LeBonheur Children's Medical Center. It was comprised of approximately 60 pediatric ICUs, mostly from the United States. It generated a number of studies related to pediatric ICU outcomes and length of stay, ribavirin use in infants, ECMO, and respiratory failure (12) (13) (14) (15) (16) (17) .
The next pediatric critical care collaborative research group, Pediatric Acute Lung Injury and Sepsis Investigators (PALISI) Network, was founded by Adrienne Randolph at Children's Hospital of Boston in the late 1990s and included the participation of 48 pediatric ICUs throughout North America to study therapies for acute lung injury, sepsis, multi-organ failure, and other acute, life-threatening pulmonary or systemic inflammatory syndromes. It generated a number of studies related to mechanical ventilation weaning protocols, severity of illness and organ dysfunction scoring in children, and prone positioning and surfactant administration for acute lung injury (18 -21) .
In 2000, the first Internet database, The Virtual PICU, was founded by Randall Wetzel at Children's Hospital Los Angeles to create an international forum for pediatric intensivists to establish a shared patient database for outcomes analysis and improve critical care practices.
In critically ill children and investigate the pathophysiological bases of critical illness and injury in childhood.
MAJOR ADVANCES
The major advances in pediatric critical care can be categorized into those that impact care of specific disease processes, those that impact postoperative care of children, new technologies, and improvements in pediatric sedation and pain management. Acute respiratory distress syndrome (ARDS), septic shock, and traumatic brain injury are challenging disease processes that have received considerable attention because each is associated with high morbidity and mortality.
Acute respiratory distress syndrome. ARDS is the most severe form of acute lung injury (ALI) in pediatric and adult patients. First described primarily in adults by Ashbaugh et al. (22) in 1967, patients with ARDS have profound respiratory failure and bilateral infiltrates on chest radiograph. ARDS originally stood for "adult respiratory distress syndrome" at the time, because it was thought to occur predominantly in adults and this moniker separated it from the respiratory distress syndrome seen in neonates, particularly premature infants, with surfactant deficiency. ARDS has since been renamed "acute respiratory distress syndrome" following an AmericanEuropean consensus conference in 1994 (23) .
ARDS may accompany sepsis, massive transfusions, multiple trauma, pneumonia (viral, bacterial, or fungal), burns, drownings, and inhalation injuries (24 -28) . All of these conditions include an acute, inflammatory process that causes diffuse alveolar-capillary damage with decreased pulmonary compliance and hypoxemia (24, 25) . The initial injury results from neutrophil migration and proinflammatory cytokine release, which then produces disruption of endothelial cells and noncardiogenic pulmonary edema (25) . This is followed by an exudative alveolitis and degradation of surfactant that promotes atelectasis, further hypoxemia, and reduced lung compliance (25) . Within several weeks, proliferation of type-2 epithelial cells, alveolar septal thickening, intra-alveolar granulation tissue formation, and collagen deposition heralds a fibrinoproliferative phase (25) . Martin et al. (29) showed that ARDS patients with pulmonary fibrosis had a higher mortality rate than ARDS patients without pulmonary fibrosis (57% versus 0%; p Ͻ 0.02).
Petty and Ashbaugh (30) redefined ARDS in 1971 to include such symptoms as severe dyspnea and tachypnea, cyanosis refractory to oxygen therapy, with decreased pulmonary compliance, and diffuse alveolar infiltrates on chest radiograph. In 1988, Murray et al. (31) introduced a numerical lung injury score that categorized patients into three groups: no lung injury, mild-to-moderate lung injury (ALI), or severe lung injury (ARDS). Components of the score include the amount of alveolar consolidation on chest radiograph, the degree hypoxemia quantified by the PaO 2 /FiO 2 ratio, the level of positive end-expiratory pressure during mechanical ventilation, and the quantified respiratory compliance (mL/cm ARDS is rare in pediatrics and accounts for 0.2-2.7% of pediatric ICU admissions (27, (32) (33) (34) . ARDS accompanies 12% of children admitted for sepsis, viral pneumonia, smoke inhalation, or drowning (27) . Most pediatric patients with ARDS are diagnosed with sepsis and pneumonia as well (34, 35) . Mortality from ARDS is not insignificant, ranging from 30% to 83% (32,34 -40) .
Numerous ventilation strategies have been explored to improve the outcome in ARDS, such as volutrauma, air leaks, and the development of chronic lung disease. The one proven strategy is low lung volume mechanical ventilation. Overdistention and cyclic inflation of injured lung with mechanical ventilation exacerbates lung injury and promotes systemic inflammation as well (41, 42) . These effects are minimized by utilizing low tidal volumes, which generate relatively lower inspiratory pressures, and applying positive end-expiratory pressure, to prevent alveolar collapse (42, 43) . The systemic release of inflammatory mediators from the lungs may explain why some ARDS patients develop multi-organ failure (44) .
In 2000, the National Institutes of Health-sponsored Acute Respiratory Distress Syndrome Network low tidal volume study set the current standard for low tidal volume ventilation (6 mL/kg/breath) in ARDS because of its overall reduction in mortality in adult patients with ARDS compared with previously accepted larger volumes of 12 mL/kg/breath (31.0% versus 39.8%, p ϭ 0.007) (45). Despite the lack of similar studies in children, the recommendation of using low tidal volumes for ventilation in ARDS (6 mL/kg/breath) has been applied to pediatric ICU patients. Other treatments, including pulmonary vasodilators (i.e. nitric oxide and prostacyclin), artificial surfactants, antiinflammatory agents, antioxidants, and antibiotics do not improve the outcome of ARDS (46) . Septic shock. Sepsis and septic shock account for 3% of pediatric critical care transports and 6.3% of pediatric ICU admissions (47, 48) . In 1995, the cost for care of infants Ͻ1 y of age with severe sepsis was $1.1 billion dollars and for septic children, 1-19 y of age, the cost was $622 million (49) .
Sepsis and septic shock have been defined and redefined, as our understanding of infection and the body's response to infection has changed. They have been defined in the 2001
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Conference as a generalized systemic inflammatory response to infectious or noninfectious conditions, termed systemic inflammatory response syndrome (SIRS) (50) . Laboratory markers such as IL-6, C-reactive protein, and procalcitonin may play an increasingly important role in defining and recognizing SIRS. Sepsis has been defined as SIRS resulting from infection. Severe sepsis has been defined as sepsis with the addition of organ dysfunction (50) . Finally, septic shock has been defined as severe sepsis with acute circulatory collapse with signs of decreased end-organ perfusion (50, 51) .
The mortality of pediatric sepsis and septic shock has decreased over the last 50 y. Between 1958 and 1966, the mortality of children Ͻ16 y of age with Gram-negative bacteremia at the University of Minnesota Medical Center was 60% and 41% among medical and surgical categories, respectively 989 PEDIATRIC CRITICAL CARE MEDICINE (52) . For those children who progressed to shock, the mortality rate was 98% (52) . Since that time, the mortality of children with sepsis has been dramatically reduced. Stoll et al. (53) reported a 25% decline in mortality from bacterial sepsis for neonates Ͻ28 d and a 21% decline for infants 28 d to 1 y of age between 1979 and 1994. During that time period, the mortality from neonatal sepsis dropped from 51 to 38 per 100,000 live births and mortality from infant sepsis dropped from 72 to 56 per 100,000 live births (53) . Other studies have documented a mortality rate of 10 -29% in children with severe sepsis and septic shock (47) (48) (49) 54) .
Treatment-activated protein C, steroids, and goaldirected therapy. Improved outcomes for children with sepsis and septic shock may be attributed to a better understanding of the pathophysiology of sepsis and aggressive therapeutic intervention. If left unchecked, proinflammatory and procoagulation processes progress to shock, disseminated intravascular coagulation, and multi-organ system dysfunction. Accordingly, attempts to inhibit inflammation or coagulation have been made (55) . There has been limited success or, at times, even harm resulting from some of these efforts, which have included treatments targeting bacterial endotoxins, early host inflammatory cytokines, bioactive lipid mediators, nitric oxide, and replacement coagulation factors. Only activated protein C, an inhibitor of coagulation with antiinflammatory properties, and hydrocortisone, a suppressor of inflammation, have found their way into clinical therapeutics (55) .
In 2001, a large, randomized, double-blinded, placebocontrolled, phase III trial of activated protein C reduced the absolute 28-d mortality by 6% in adults with sepsis and septic shock (56) . There was an increase in serious bleeding in patients treated with activated protein C compared with placebo (3.5% for activated protein C versus 2.0% in controls; p ϭ 0.06) (56) . A pediatric efficacy and safety study performed by the manufacturer was discontinued due to the lack of improvement over placebo and an increased risk for intracranial hemorrhage (57) . Thus, while recommended in critically ill adults, activated protein C is not recommended in children because of the bleeding risk and the absence of definitive pediatric trials (58) .
Hydrocortisone also reduced the mortality of vasopressordependent adult septic shock patients who were nonresponders to a corticotropin stimulation test. Annane et al. (59) , in 2002, found that hydrocortisone reduced mortality from 63% to 53% (p ϭ 0.02). Pizarro et al. (60) observed absolute or relative adrenal insufficiency in 44% of children with catecholamineresistant shock. Studies are needed to examine the efficacy of hydrocortisone in pediatric septic shock.
Goal-directed therapy has arisen as a term to describe the aggressive support of physiologic homeostasis in critical care therapy. In the 1980s, Shoemaker et al. (61) found that treatment algorithms for resuscitated trauma patients improved mortality. In 2001, a hallmark study by Rivers et al. (62) showed that early goal-directed therapy improved the outcome of adults with sepsis, lowering mortality from 47% (standard therapy) to 31% (p ϭ 0.009).
Although no similar pediatric studies of goal-directed therapy and sepsis are present, early administration of fluids improves survival of children with septic shock (47, 63) . Furthermore, Ceneviva et al. (54) noted that maintaining a cardiac index of Ͼ3.3 L/min/m 2 and a systemic vascular resistance of Ͼ 800 dyne-sec/cm 5 /m 2 by administering inotropes or vasodilators improved survival when compared with the historical controls. As a result of these studies, clinical practice parameters for hemodynamic support of pediatric and neonatal patients in septic shock have been established (64) . Traumatic brain injury. Each year, an estimated 1.5 million Americans sustain a TBI (65) . The major causes of TBI-related deaths are firearms, motor vehicles, and falls (66) . As a result, 50,000 people die, 80,000 -90,000 have long-term disability, and 230,000 are hospitalized (65, 66) . Among children ages 0 -19 y old, motor vehicle accidents are the major cause for TBI deaths (66) .
The incidence of pediatric TBI (including emergency room visits, hospitalizations, and deaths), in 1998, was 670 per 100,000 children ages 0 -19 y (67). In children younger than 2 y of age, physical abuse is a leading cause of serious head injury (68) . Keenan et al. (68) reported an incidence of 17.0 per 100,000 person-years for inflicted traumatic brain injury in the first 2 y of life. Perez-Arjona et al. (69) noted that inflicted head trauma represented 32% of all trauma under age 2. For all age groups in the United States, there has been a relative decline in the mortality rate; 22% in the period from 1979 to 1992 and 11% in the period from 1989 to 1998 (66) . Nevertheless, the rate of a "good" outcome, i.e. survival without serious neurologic sequelae, may not have changed for severe brain injury (70) . Whereas the mortality may have improved, moderate or severe TBI still carries a high morbidity with significant neurologic impairment (71) .
In some TBI, the initial insult may cause irreversible brain damage but secondary events may continue to expand the damage. These secondary events are potentially reversible and are what the pediatric intensivist aims to minimize. Maintaining an adequate cerebral perfusion pressure while minimizing exuberant cerebral blood flow, decreasing cellular metabolism and nutrient demands, and reducing cellular swelling are the goals of treatment (72) (73) (74) .
Evidence-based guidelines for the acute management of severe traumatic brain injury in infants, children, and adolescents were published in 2003 (75) . Because there was a paucity of controlled trials in the pediatric population, most recommendations were derived from adult studies. Nonetheless, these guidelines have become the standard management for the child with TBI.
Postoperative care of congenital heart disease patients. In 1953, John Gibbon, at Jefferson Medical College Hospital in Philadelphia, performed the first open heart surgery, utilizing the total cardiopulmonary bypass machine that he designed (76) . Before that, infants and children with congenital heart disease were treated with closed heart surgery or were deemed inoperable. Robert Gross at Children's Hospital in Boston performed the first ligation of a patent ductus arteriosus in a 7-y-old girl in 1938 and repaired an aortic coarctation in1944 (77,78). Craafort and Nylin (79) of Sweden performed a repair of an aortic coarctation is 1944 as well.
EPSTEIN AND BRILL
In 1945, Alfred Blalock and his African-American laboratory technician, Vivien Thomas (who pioneered the procedure in animals and assisted Blalock in the operating room), performed an extracardiac shunt between the subclavian artery and the ipsilateral pulmonary artery (Blalock-Taussig shunt) in a 15-mo-old girl with tetralogy of Fallot at Johns Hopkins Hospital (80 -82) .
These procedures, and the introduction of cardiopulmonary bypass, revolutionized treatment of congenital heart disease and stimulated the development of pediatric cardiac intensive care units, and improved perioperative care. A team, consisting of cardiac surgeons, pediatric cardiologists, pediatric intensivists, cardiac intensive care nurses, respiratory therapists, pharmacologists, nutritionists, and others, was needed for the care of these patients. The pediatric intensivist must understand normal and abnormal cardiopulmonary physiology, must appreciate the anesthetic and surgical techniques used, must provide advanced airway and vascular access, must apply appropriate monitoring, and must supervise hour-to-hour life support (83) . In recognition of the complexities of cardiac intensive care, some intensivists have received and are proponents of further training in the care of the pediatric cardiac intensive care unit patient, in addition to the usual 3-y critical care fellowship (84, 85) .
Perioperative transplantation management. The development of bone marrow transplantation in 1968 and solid organ transplantation in the 1960s has added new conditions to be managed by the intensivist, in both the pre-and posttransplantation period (86 -93) . The pediatric intensivist may care for children with refractory leukemia or immunodeficiency, fulminant hepatic failure with coagulopathy and encephalopathy, congestive heart failure from myocarditis, cardiomyopathy, or failing corrected/palliated congenital heart disease, or respiratory failure from end-stage lung disease before the actual transplant, and will be intimately involved in ensuring that these children remain stable while awaiting transplantation surgery. After transplantation, the intensivist must be aware of possible transplant complications including graft rejection, graft versus host disease, bleeding, or infection, and will be closely involved in managing these conditions. The pediatric ICU and pediatric intensivists have played a crucial part in the evolution of transplant medicine and in the ongoing improved survival rates of children who undergo transplantation.
TECHNOLOGIC ADVANCEMENTS
Mechanical ventilation. Some children require ventilatory assistance as part of their postoperative care; others require ventilatory assistance due to an underlying disease. The pediatric intensivist employs both noninvasive and invasive methods of mechanical ventilation to ensure adequate oxygenation and ventilation.
Noninvasive mechanical ventilation (NMV) was first introduced in the late 1980s for patients with nocturnal hypoventilation (94, 95) . NMV utilizes a mask that is placed over the nose and/or mouth or prongs that are inserted into the nares to provide positive pressure ventilatory assistance. Either bilevel positive airway pressure (BiPAP) that generates differing inspiratory and expiratory positive airway pressures, or continuous positive airway pressure (CPAP) may be used.
NMV is used to augment impaired respiratory effort in a variety of diseases including asthma, cystic fibrosis, neuromuscular disorders, and congestive heart failure. Some advantages of NMV include ease of oral feeding, earlier ambulation, and diminishing the risk of nosocomial pneumonia or other complications associated with endotracheal intubation (96) . Use of NMV often avoids the sedation needed for invasive mechanical ventilation (96) .
There is proof that NMV prevents intubation for adults, but not for children (97) . However, Fortenberry et al. (98) and Padman et al. (99) showed a low incidence of intubation (11% and 8%, respectively) and improvement in oxygenation, ventilation, and dyspnea in children with hypoxemic respiratory failure treated with NMV. Pediatric intensivists often use NMV to transition children from invasive mechanical ventilation to nonassisted ventilation.
Another noninvasive, respiratory-assist device that has recently become increasingly popular is high-flow, humidified gas delivered most commonly via a nasal cannula. One unit, the Vapotherm 2000i (Vapotherm, Annapolis, Maryland), delivers up to 40 L/min of gas flow with Ͼ95% humidity (Ͻ6 L/min is tolerated via conventional nasal cannula) (100). The high humidity prevents nasal mucosal drying and increases comfort at the higher gas flows. The high-flow system theoretically generates CPAP. Although the high-flow nasal cannula has been used in premature infants to prevent apnea of prematurity, generating similar distending pressures as nasal CPAP, no studies are available in older infants, children, or adolescents (101) . However, the device has become popular because of its comfort and anecdotal success due to subjective improvement of respiratory distress and possible prevention of intubation of infants, children, and adolescents with respiratory difficulties.
Many severely ill children require endotracheal intubation and mechanical ventilation for postoperative care or cardiorespiratory failure. Lawen and Sievers provided the first description of mechanical ventilation in 1910. Their ventilator provided positive and negative pressure via a piston cylinder. The next mechanical ventilators were "iron lungs," electrically powered, negative-pressure body tanks that were used extensively from the 1920s through the 1950s for polio patients (1) .
Modern mechanical ventilators use computers to provide different modes of ventilation (pressure versus volume), synchronize with the patient ventilatory effort, and adjust inspiratory flow patterns to improve distribution of gas flow.
HFOV, first described by Lunkenheimer (102) in 1972, has gained popularity for treating children refractory to conventional ventilation. HFOV delivers a tidal volume less than the dead space volume at a rate Ͼ150 breaths per minute and a higher mean airway pressure (96) . HFOV maintains an open lung yet avoids large phasic volume and pressure changes, thus minimizing the cyclical stretch of the lungs and ventilatorinduced lung injury (96, 103) .
Most studies of HFOV in ARDS have been conducted in children. Fedora et al. (39) found that early use of HFOV (within the first 24 h of mechanical ventilation) reduced the 991 PEDIATRIC CRITICAL CARE MEDICINE mortality by 46% compared with is use after 24 h of conventional mechanical ventilation. Paulson et al. (104) noted that the use of HFOV improved oxygenation and survival (89%) compared with the published studies of ARDS, without increasing the risk of pneumothorax or other air leaks (27, 36, 105) . However, HFOV did not improve mortality in premature infants with a variety of diseases leading to acute pulmonary dysfunction (106) .
Artificial organs. There are various technologies used to support failing organs, and the more common ones now in use include continuous veno-venous hemofiltration (CVVH) with or without dialysis for renal failure, ventricular assist devices (VADs) for heart failure, and extracorporeal membrane life support (ECLS), also known as extracorporeal membrane oxygenation (ECMO), for medically unmanageable heart and respiratory failure. The goal of these therapies is to aid recovery or to buy time for the patient to ultimately undergo surgery or organ transplantation (so called "bridge to transplant").
In renal failure, the generalized edema that may occur sometimes impairs ventilation and compromises cardiac output. Developed in the mid-1960s, CVVH was first used to remove excess fluid or treat renal insufficiency (107) . Currently, CVVH is most often used when acute renal failure accompanies bone marrow transplantation or treatment of malignancy, or as a complication of congenital heart disease, heart or liver transplantation, severe sepsis, or intrinsic renal disease (108) .
CVVH also facilitates nutritional support and blood product administration without fluid overload (108). Goldstein et al. (109) showed that the degree of fluid overload at CVVH (with dialysis) initiation was significantly lower in survivors (16.4% Ϯ 13.8%) compared with nonsurvivors (34.0% Ϯ 21.0%, p ϭ 0.03), even when controlled for severity of illness.
VADs are used in patients with cardiomyopathy who are in acute cardiogenic shock or severe heart failure, as a bridge to heart transplantation or recovery (110, 111) . VADs are surgically attached to the failing ventricle with an extracorporeal or implantable pneumatic or electric pump that generates improved blood flow. The VAD allows for improved mobility and quality of life in children and adults that have failed medical management for their heart failure.
Although cardiopulmonary bypass was introduced in 1953, the use of this technology was not used outside the operating room until 1972, when Hill et al. used ECLS to support the victim of a motorcycle accident. Robert Bartlett was instrumental in introducing and studying ECLS in infants and children. In 1976, Bartlett et al. (112) reported the first use of ECLS in infants with postoperative cardiac failure, infant respiratory distress syndrome, massive meconium aspiration, and persistent fetal circulation.
In 1989, Bartlett founded the Extracorporeal Life Support Organization (ELSO), which now contains a registry of over 24,000 cases of ECLS in infants, children, and adults from over 145 centers around the world.
ECLS supports a patient in circumstances where the cardiac and/or respiratory disease is medically unmanageable by conventional means and ensures adequate tissue oxygen delivery to support end-organ function. The ECLS team includes a surgeon, pediatric intensivist, nurse specialist, respiratory therapist, and perfusionist. ECLS requires surgical placement of cannulae into a major vein and artery, for veno-arterial ECLS, or solely a major vein, for veno-venous ECLS. It substitutes the patient's impaired respiratory and cardiovascular system by circulating blood via a special hollow-fiber polymethylpentene oxygenator that both oxygenates and removes carbon dioxide as the patient's blood circulates through the circuit. In older infants and children, ECLS has been used for support during severe sepsis, ARDS, cardiac failure due to myocarditis/ cardiomyopathy, hemodynamic instability after congenital heart surgery repairs/palliations, and, in some cases, as a bridge to heart transplantation (113) .
In a randomized trial of neonatal extracorporeal membrane oxygenation by the UK Collaborative ECMO Trail Group, full-term neonates with respiratory failure due to a number of causes were randomized to receive or not receive ECLS. Its use reduced the absolute mortality by 26% (RR of 0.55; 95% CI ϭ 0.39 -0.77; p ϭ 0.0005) (114) . In the United Kingdom, survival for neonatal and pediatric cardiac ECLS is approximately 50% (113) .
The survival rate for ECLS used for patients requiring cardiopulmonary resuscitation in adults is 32-36%, 61% in neonates without congenital heart disease, and 64% in children with cardiac arrest after open-heart surgery (115) (116) (117) (118) . Pediatric intensivists, working in centers with ECLS capabilities, must understand the unique physiology that ECLS creates, the problem associated with its use, its advantages, its costs, and its limitations.
Monitoring. Monitoring of critically ill patients is crucial to the success of critical care medicine. Many invasive and noninvasive devices have been developed to continuously monitor vital signs, end-tidal carbon dioxide, intracranial pressure, and arterial oxygen saturation to facilitate rapid response to changes in critically ill patients. End-tidal carbon dioxide (ETCO 2 ) monitors and pulse oximetry are the two most important noninvasive monitoring devices in use today.
Smallhout and Kalenda introduced continuous measurements of ETCO 2 measurements in intubated patients during the 1970s (119) . Because ETCO 2 is affected by ventilation, metabolism, and circulation, ETCO 2 measurements from an endotracheal tube can identify inadequate mechanical ventilation, poor pulmonary blood flow (i.e. due to pulmonary embolism or pulmonary hypertension), poor cardiac function, and the presence of lung disease (i.e. asthma) (119) . Measurements of ETCO 2 in mechanically ventilated, intubated patients has become the standard of care in the pediatric ICU, and is increasingly relied upon as a means of recognizing displacement of the endotracheal tube, thus contributing to patient safety.
George Stokes first recognized that oxygen in the blood was carried by its colored component in 1864, but it was not until 1935 that Karl Matthes developed the first system to measure oxygen saturation in vivo by transillumination (120) . In 1974, Takuo Aoyagi produced the first pilot model of a pulse oximeter, based on pulse spectrophotometry, the precursor of the modern pulse oximeter (121) . Shortly thereafter, noninvasive pulse oximetry became commercially available. Pulse oximetry became increasingly more available and accepted for use in 992 EPSTEIN AND BRILL the 1980s and it is now used routinely in many areas of medicine (120) . Pulse oximetry has improved patient safety in the operating room and in the intensive care unit, and is standard of care for all patients who undergo surgery or are admitted to ICUs.
Miniaturized equipment. Pediatric patients range in size, from less than 1 to more than 100 kg, creating the need for an assortment of catheter sizes, endotracheal tubes, bronchoscopes, and other devices. Without the development of sizeappropriate equipment, modern pediatric critical care would not be possible.
Before the 1950s, endotracheal tubes were made of reusable metal and rubber. Plastic polyvinyl chloride endotracheal tubes, introduced in the 1950s, soften at body temperature, are less rigid, and are less likely to cause subglottic stenosis (122) . When smaller sizes of both cuffed and uncuffed endotracheal tubes were introduced, prolonged intubation of infants and children was made possible.
Similarly, intravenous access is crucial for the administration of fluids and medications to critically ill patients. Plastic catheters replaced rigid, metal needles in the mid-1940s and made long-term intravenous access possible (123) . In 1958, George Doherty developed the present-day intravenous, flexible, catheter-around-the-needle device (123) .
In the 1960s to 1970s, percutaneous central venous access was introduced. The introduction of pediatric-sized equipment enabled the placement of catheters for parenteral nutrition, monitoring of central venous pressures, and placement of pulmonary artery catheters to measure hemodynamic variables that include the cardiac output, vascular resistance, and pulmonary artery pressure.
TELEMEDICINE
The use of computer networks for video conferencing and computer-based data transmission now allows underserved areas or hospitals to benefit from the expertise of ICU specialists (124) . In 2004, Marcin et al. (125) showed that a regional pediatric ICU-based telemedicine program providing live interactive consultations to a rural adult ICU was feasible and highly successful.
Rendina et al. (126) found that immediate echocardiogram interpretation via telemedicine significantly reduced the rate of transfer of neonates to academic medical centers. Kofos et al. (127) used telemedicine to assist with severity assessment and triage for transport. We anticipate that telemedicine will, by assisting in diagnosis, data interpretation, and treatment advice, reduce the rate of unnecessary transfers to sophisticated pediatric ICUs.
SEDATION AND PAIN MANAGEMENT
Sedation and analgesia are important components of optimal pediatric ICU care. Sedation and analgesia are often required when patients undergo intubation, mechanical ventilation, central venous catheter placement, chest tube placement, other invasive procedures, and to allow children to tolerate the often frightening ICU environment. Inadequate sedation or analgesia may also increase oxygen consumption and carbon dioxide production, and may produce a catabolic state that impairs recovery from critical illness or injury (128) .
In 1993, Marx et al. (129) found that one-third of children in the ICU were inadequately sedated. There still is room for improvement with respect to the assessment and management of pain and anxiety in the pediatric ICU. In recognition of this problem, the California state legislature passed a law in October 2001 requiring all physicians in the state to participate in 12 h of education on pain management and treatment of the terminally ill by December 31, 2006 .
Pediatric intensivists are increasingly aware of the need to use multiple modalities to improve the experience of the pediatric patient in the ICU. Numerous anesthetic, anxiolytic. and analgesic agents are used in the pediatric ICU, often by means of continuous infusions or via patient-controlled analgesia devices. Regional techniques including continuous epidural analgesia provide relief to pediatric patients after surgery or traumatic injuries. Parents are given unlimited access to their children in most pediatric ICUs and are often encouraged to participate in their care, and to remain present during painful or frightening procedures. In addition, nonpharmacologic strategies are being used in pediatric ICUs, including guided imagery, biofeedback, acupuncture, and relaxation techniques. Child life specialists engage with the patients to provide them with toys, mobiles, videos, and games that allow children to be distracted and engaged while in the ICU.
OTHER CHALLENGES
Pediatric critical care is a challenging and demanding subspecialty. Intensivists often work long hours, around the clock, to stabilize and manage seriously compromised children, to coordinate their care and to communicate with their families. The loss of patients is inevitable, and not all children will leave the ICU free of sequelae. These stresses, and others, contribute to "burnout" and dissatisfaction within the field, and each intensivist must develop coping strategies and definitions of work that will allow him or her to continue to practice in the face of these difficulties. Some intensivists offset their clinical responsibilities with academic pursuits, including laboratory or clinical research, teaching, and administrative duties. Those with a background in anesthesiology may provide anesthesia care when not working in the ICU. Others have become involved with efforts that define minimum standards for pediatric ICUs or the essential components of critical care fellowship training. Pediatric intensivists are involved in public policy work and with groups that address the challenges of funding critical care and the ethics of the care being provided. Still others divide their time between work as hospitalists and work as intensivists. Each intensivist must search for the balance needed to prevent "burnout."
The cost of providing critical care to children is enormous and consideration of the ethics of distributing scarce or costly ICU resources is paramount. Many intensivists question providing care to children with limited chances of survival or meaningful recovery. Intensivists frequently encounter ethical dilemmas and may enlist the help of the hospital ethics committee, particularly with respect to futility and end of life 993 issues. It is essential that all children have access to optimal critical care services, but it is also important that these services are used wisely and appropriately. Pediatric intensivists must be at the center of any debates about utilization of medical resources, health care funding, and access to care involving children in the years ahead.
SUMMARY
The pediatric ICU and the specialty of pediatric critical care medicine were created out of a necessity to care for the increasing number of children with critical illnesses and injuries. Advanced technologies, continuous monitoring, and specialized training in critical care have dramatically improved the care of infants and children with ARDS, septic shock, organ transplants, and many other diseases, and have contributed to improved outcomes and survivals for these and other disease processes.
Some critically ill children survive their initial admission but are left with sequelae or chronic problems that result in their return to the ICU with even more challenging problems. As advances have been made in other pediatric medical and surgical subspecialties, children are surviving extremely complex illnesses and surgical procedures, in part due to the careful ministration of pediatric intensivists. An intensivist must possess expertise in all but a few pediatric disciplines to coordinate and facilitate the care for the sickest children with a wide variety of problems. Thus, the pediatric intensivist has evolved into the generalist of the pediatric subspecialists.
